We report in this paper novel chemistry that addresses the problem of surfactant solubility in supercritical CO2 for metal nanoparticle synthesis. This new approach for the preparation of organicfunctionalized inorganic nanoparticles relies on the reduction of a metal precursor in a CO2-containing insoluble polymer. Reduction of the metal with H2 leads to small nanocrystals stabilized by the polymer with a relatively small polydispersity. The functionalized metal nanoparticles are recovered as a dry powder, free of any organic solvents, which can then be resuspended in an appropriate solvent. This approach limits the number of steps for the preparation of functional nanoparticles which are ready for use. To illustrate this, we report results of the preparation of palladium and silver nanoparticles of 3-5 nm size stabilized with hyperbranched polyamines, functionalized with perfluoroalkyl, perfluorooligoether, non-fluorinated alkyl, polysiloxane, or polyethylene glycol moieties.
Introduction
Inorganic nanoparticles with an organic functional shell 1,2 have attracted much interest due to their applications as catalytic or biological materials. Beyond providing solubility and preventing aggregation, the organic shell can also induce selectivity in catalytic reactions and compatibility in physiological systems as well.
Most often, inorganic nanoparticles are prepared by solution chemistry from soluble metal precursors. 3 The organic solvents used in the synthesis of lipophilic-functionalized nanoparticles are chosen to suit the synthesis process, that is, solubilize metal precursors, reducing agents and stabilizers, and prevent aggregation as well.
Supercritical CO 2 (scCO 2 ) has attracted much interest as an alternative medium for replacing organic solvents. ScCO 2 has been promoted as a sustainable and "green" solvent because of its non-toxicity, non-flammability, and natural abundance. 4 The solvent properties can be varied over a wide range with small variations of pressure and temperature, and CO 2 is easier to remove from reaction products than organic solvents. These specific properties have been largely exploited to synthesize supported nanoparticles or films. [5] [6] [7] Nevertheless, scCO 2 has been used only occasionally for the synthesis of functionalized hybrid organic-inorganic nanoparticles, due to the low solubility of many organic stabilizers in scCO 2 . 8 Recently, the synthesis of functional metallic nanoparticles by using the arrested precipitation method has been reported. 9 ScCO 2 -soluble metalorganic precursors are reduced using H 2 to obtain fluorocarboncoated silver, iridium, and platinum nanoparticles with a size of 2-12 nm, which can be redispersed in acetone and fluorous solvents. Analogously, by reduction with dimethylamine borane in the presence of a fluorinated surfactant, nanoparticles of silver, palladium, and bimetallic particles of these metals were synthesized with a size ranging from 3 to 12 nm. 10 The formation of metal nanoparticles (silver, copper, palladium, ... in a range 3-15 nm) was also extensively studied using waterin-scCO 2 microemulsions. 11 An alternative approach has also been reported; a CO 2 carrier solution containing CO 2 -soluble metal precursors is sprayed into a CO 2 receiving solution § containing a reducing agent and a functionalizing agent. 12 This affords silver and palladium nanoparticles (1-15 nm) stabilized with fluorocarbon thiols. The major limitation of these methods is the low solubility in scCO 2 of stabilizing agents and, to some extent, of metal precursors. For all these reasons, a relatively low number of reports exists in this field. Indeed, only specific organic compounds are entirely or partially soluble in this medium, mainly fluorous-and siloxane-based molecules. Presently, approaches used to form stabilized nanoparticles in scCO 2 smethods developed for chemistry in liquidssdepend on the solubility of reactants in the medium. We now report the synthesis of organic-inorganic hybrid nanoparticles in scCO 2 , in which reactants need not be soluble. As the organic part, amphiphilically modified dendritic polyamines were utilized, as they are synthetically well accessible with a broad range of functionalities and effectively stabilize metal nanoparticles. The decisive factor for the selection of metal precursors and functionalizing agents was not their solubility, as in most previous studies, but the desired properties of the polymernanoparticle hybrid.
This approach is illustrated by the synthesis of palladium and silver nanoparticles stabilized with dendritic polymers functionalized with perfluoroalkyl, perfluorooligoether, polysiloxane, non-fluorinated alkyl, and oligoethylene glycol moieties. The synthesis and solubility in scCO 2 of these polymers have been reported previously. 13 The nanoparticle synthesis is based on the reduction of palladium acetylacetonate (Pd(acac) 2 ) and silver acetylacetonate (Ag(acac)) with H 2 in scCO 2 in the presence of the dendritic polymer.
Results and Discussion
Preparation of Hybrid Nanoparticles. Experimental conditions were chosen in such a way that the polymer and metal precursor reagent were insoluble in scCO 2 . The polymer used to validate our concept, a hyperbranched polyethyleneimine amide substituted with fluoroalkyl moieties at the chain ends (PEI-CO-C 10 H 4 F 17 ), 13 is insoluble (experimental limit of detection by IR spectroscopy, around 10 -5 g/g of CO 2 ) at T ) 100°C and p ) 15 MPa (density ) 0.33 g/cm 3 ). The insolubility of the metallic precursor, Pd(acac) 2 , was also confirmed under these conditions.
In a typical experiment, a mixture of metal precursor, Pd-(acac) 2 , and PEI-CO-C 10 H 4 F 17 (atomic Pd/N ratio ) 0.7), as a powder, was placed in a stainless steel batch reactor (25 cm 3 ) under 7 MPa of CO 2 and 0.4 MPa of H 2 (Figure 1 , top). The reactor was heated to the reaction temperature (100°C), inducing an increase of the pressure to 15 MPa. Excess H 2 (0.4 MPa for all experiments) was employed to ensure complete reduction of the metal precursor. After 90 min, the reactor was depressurized. The material formed is recovered as a dry powder, which is redispersable in trifluoroethanol. Samples prepared from these colloidal solutions were characterized by transmission electron microscopy (TEM). TEM micrographs show welldispersed palladium nanoparticles with a size of 3.3 ( 1.0 nm ( Figure 1a ). We note that silver nanoparticles can also be synthesized with a size of 6.0 ( 1.8 nm using the same approach.
The aggregates presented in Figure 1b ,c are the result of comparative experiments performed without CO 2 and without polymer, respectively. The first comparison ( Figure 1b ) proves the necessity of CO 2 for the particle formation process. Figure  1c shows aggregates obtained in scCO 2 without polymer. This proves the effectiveness of the dendritic polymer for stabilization of palladium nanoparticles. The X-ray diffraction (XRD) pattern of the black powder (Figure 2 ) confirmed the face-centered cubic structure of the palladium nanoparticles (Fm3m) obtained in the reference conditions. High-resolution TEM (HRTEM) of the nanoparticles (Figure 2, inset) shows {111} lattice fringes of a wellcrystallized multi-twinned nanoparticle (inset a) and a twinned crystal (inset b). The crystallite size calculated from the (111) reflection of the XRD pattern using the Scherrer formula is 1.5 nm, which matches very well with the HRTEM and TEM measurements.
Influence of Experimental Parameters. The influence of reaction time on the reduction yield of Pd(acac) 2 was studied by X-ray photoelectron spectroscopy (XPS); measurements were performed on samples obtained at different reaction times. This method allows the analysis of the chemical environment of palladium, in particular, the determination of its oxidation state. XPS analysis of the Pd 3d binding energy region is shown in Figure 3a . The experimental signal was fitted with two spinorbit coupling doublets, corresponding to energy levels of Pd 0 [3d 5/2 (335.2 eV) and 3d 3/2 (340.3 eV)] and Pd II [3d 5/2 (337.4 eV) and 3d 3/2 (342.6 eV)]. 14 The Pd 0 contribution, which increases with increasing reaction time (Figure 3b) , is proportional to the reduction of the palladium precursor. The reaction time required for complete reduction is estimated to be 90 min.
The influence of other experimental parameters on the particle size was studied (Table 1) : CO 2 pressure (p), reaction temperature (T), and molar ratio between metallic precursor and dendritic polymer molecules (Pd/N).
The effect of CO 2 pressure (p) was investigated (entries 1-4). With pressures of 10 MPa (entry 2) and 15 MPa (entry 1), particle sizes and size distribution are similar. For 20 and 25 MPa (entries 3 and 4), the increase of pressure induces a slight increase of particle size with nearly the same size distribution. Pressure does not seem to have a significant influence on particle size in the pressure range studied.
The influence of the reaction temperature (T) on the particle size and size distribution was also studied (entries 1 and 5-8).
For temperatures under 80°C, the formation of large crystals is observed (entry 5). Above 80°C, stabilized nanoparticles are obtained (entries 6-8). These nanoparticles seem to be slightly larger at higher temperatures. These experiments indicate that a temperature limit exists (between 60 and 80°C) which must be exceeded to allow sufficient diffusion of the metal precursor through the polymer.
Regarding both the results of the influence of pressure and temperature, there is not a direct correlation between solvent density and the palladium nanoparticle size.
Investigations were performed in the Pd/N atomic ratio range of 0.2-1 (entries 1 and 9-12). We obtained nanoparticle sizes around 3 nm; no strong changes in size are observed for the nanoparticles. This shows that particle formation is more complex than reduction of precursor to a particle in an isolated amphiphilic macromolecule as a "nanoreactor", as observed in solution under certain conditions. 15 It is worth noting that the size of nanoparticles is larger than would be expected for an intramolecular synthesis in a single polymer molecule as a "reactor". This indicates that, more likely, an intermolecular process occurs.
Finally, we examined how the chemistry of the polymer would affect the formation of nanoparticles (Figure 4) . We also summarize the solubility of the different polymers in scCO 2 under the reaction conditions (red numbers in Figure 4 ). We observed that, for polymers (1), (4), (5), and (6), which are insoluble under the experimental conditions (<10 -5 g/g of CO 2 ), welldispersed nanoparticles are obtained. This is in contrast to the larger polydisperse particles which are obtained when the preparation is done with a soluble polymer in the supercritical phase. Among the insoluble polymers, the nature of the substituents at the chain ends on the dendritic architectures has no significant effect on the nanoparticle size. This gives a wide variety of selection of polymers in designing the hybrid nanoparticles, e.g., in view of the solubility of the resulting polymer-stabilized nanoparticles in fluorous, organic, or aqueous media. In addition, the fact that the architecture of the dendritic scaffold of the macromolecule (hyperbranched polyethyleneimine PEI-CO-C 10 H 4 F 17 or polypropyleneimine dendrimer DAB-CO-C 10 H 4 F 17 ) has no influence on the characteristics of palladium nanoparticles implies that easily accessible hyperbranched polymers can be employed equally well as dendrimers. 16 When the polymer is partially soluble (Figure 4 , polymer 3), from the TEM images the powder obtained appears as a mixture of small nanoparticles and larger structures. A possible explanation is that the reduction occurs partly in solution, as a part of the metal precursor is solubilized by the polymer, which apparently does not yield colloidally stable small particles.
Mechanism of Hybrid Nanoparticle Formation. The synthesis was monitored by direct observation in a sapphire cell. The conditions of entry 1 in Table 1 were employed with respect to the heating rate (3°C min -1 ) followed in the stainless steel batch reactor. We observed that the reactants never become soluble in the supercritical phase during the particle preparation procedure. After introduction of H 2 and CO 2 into the sapphire cell, the cell was heated to 100°C. The mixture of metal precursor and polymer powder begins to melt at 50°C and becomes liquid at 70°C, and it turns black, indicating reduction of metal precursor. This is in agreement with the observation that well-defined nanoparticles can be obtained only at temperature above 80°C (entry 5 vs 6, Table 1) .
Under standard conditions, 100°C and 15 MPa, the black liquid increases in volume, suggesting the swelling of the polymer. Reduction of the metal acetylacetonate (acac) results in the conversion of the organic ligand to Hacac, which is extracted from the liquid phase by scCO 2 . This is confirmed by in situ FTIR studies in a high-pressure cell, 13 where Hacac was observed (ν j CdO ≈ 1720 cm -1 ). After 90 min, depressurization was performed, and CO 2 bubbles were observed. A black powder was then recovered from the bottom of the cell.
On the basis of these observations, we propose the following mechanism ( Figure 5 ) for the formation of functional hybrid nanoparticles in scCO 2 . As scCO 2 diffuses into the powder (step 1, Figure 5 ) and swells the polymer, the polymer becomes liquid at the bottom of the cell (step 2, Figure 5 ). The liquid polymer takes up the metal precursor. Subsequent reduction affords metal nanoparticles, which are stabilized by the hyperbranched polymer. 1c This is supported by the observation, at a low temperature of 60°C, that the polymer does not swell significantly with CO 2 and stays a solid; aggregates are observed (Table 1 , entry 5), and a different particle formation mechanism seems to be operative. During depressurization (step 3, 5), CO 2 is released from the powder phase, forming gas-phase bubbles, which show the presence of CO 2 inside the liquid polymer. Functionalized nanoparticles are recovered as a powder, free of volatiles and side products. As a demonstration of the catalytic properties of the nanoscale polymer-particle hybrids prepared in this study, hydrogenation of cyclohexene as a model reaction was carried out with Pd/ PEI-CO-C 10 H 4 F 17 as a catalyst in the biphasic system trifluoroethanol/cyclohexene. Complete conversion was observed in a 2 h experiment, corresponding to an average turnover frequency of 10 3 turnovers h -1 . These preliminary results show that hybrid nanoparticles are active for catalysis.
Conclusion
In summary, we have demonstrated a novel route for a controlled synthesis of metal nanoparticles mediated by scCO 2 . As the method is based on swelling by CO 2 , the reagents employed need not be soluble in CO 2 . This enables the utilization of a much broader range of polymers and metal precursors compared to solution approaches. The choice of reagents can be focused on desired properties of the final products rather than solubility in the medium. The approach has been demonstrated for modified hyperbranched polyethyleneimines, which can be easily accessible. Polymer-stabilized nanoparticles free of organic solvent are obtained as easy-tohandle powders.
Experimental Section
Materials. Palladium acetylacetonate (Pd(acac)2, 99%, 304.64 g mol ) was purchased from Aldrich and used without further purification. CO2 (TP) and H2 (Alphagaz2) were used as received from Air Liquid. Polymers were prepared as reported previously. 13 In brief, polyethyleneimine was reacted with 1 equiv (with respect to the primary amine end groups) of carbonyl-diimidazole-activated carboxylic acid (e.g., 2H,3H,3H-perfluoroundecanoic acid for the synthesis of PEI-CO-C 10H4F17). In the procedure, only the primary amine end groups react selectively, such that the carboxylic acid amides are attached only at the ends of the branches. Products were characterized by 1 H and 13 C NMR and IR spectroscopy. 13 General Procedures. The batch reactor is a home-made cell constructed from stainless steel. H2 is first introduced into the cell, and a high-pressure pump allows introduction of CO2 pressure. The temperature is controlled with a regulator and a thermocouple placed inside the batch reactor. Nanoparticle Characterization. TEM observations and electron diffraction measurements were performed with a TECNAI F20 instrument operating at 200 kV and a JEM-2200FS high-resolution TEM operating at 200 kV. Samples were prepared by evaporating a drop of nanoparticles in trifluoroethanol on a copper grid covered by a Formvar film coated with a carbon layer. Size distributions were determined by manual counting of 200 particles. Powder XRD patterns were obtained using a PANalytical X'Pert Pro MPD diffractometer with a θ/2θ Bragg-Brentano geometry, a copper target tube, and an incident beam monochromator (λ(K R1) ) 1.54059 Å; step, 0.02°). The XPS measurements were performed on powder samples inlayed into an indium foil with an ESCALAB 220i-XL apparatus. The electron analyzer was operated at a constant pass energy of 20 eV. The sample was exposed to non-monochromatized Mg KR X-ray excitation (1253.6 eV with a collected area of 250 µm). The operating pressure in the analytical chamber was less than 10 -7 Pa. The binding energies are referenced to the C1s signal due to ambient hydrocarbons (C-H and C-C) at 284.6 eV. Fitting of experimental signals was carried out using Shirley baselines and 70% Gaussian/30% Lorentzian asymmetric peaks. Each fitted Pd 3d spin-orbit coupling doublet has an intensity ratio equal to 1.5, corresponding to the ratio ([Pd 3d5/2]/[Pd 3d3/2]) and an energy gap of 5.3 eV.
Catalysis. Hydrogenation of 2.5 mL of cyclohexene was carried out under 0.8 MPa H2 using stabilized nanoparticles, formed under the conditions described in entry 1 of Table 1 (3.7 mg, ca. 0.05 mol % Pd), dissolved in 5 mL of trifluoroethanol. After the reaction, the organic phase containing cyclohexane (hydrogenation product) was separated from the fluorinated phase, where the catalyst remained. The reaction product was identified by NMR after phase separation. The hydrogenation rate was followed by hydrogen uptake, and the accumulation of products was assessed by NMR.
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